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I.   P2TP0D^CTT0^' 


Axial  connressors  in  aircraft  engines  are   nenerally  ie- 


nearly  unifor"^  inlet  flow/  condition 


^/it'-^  thin 


boundary  layers,  but  are  reauired  to  ooer=ite  stablv  over  a 
ranoe  of  inlet  flow  distortion.  It  is  found  in  oractice 
t'">.at  -'ulti-staoe  core  connressors,  once  develooed,  are  tv^en 
upry  sensitive  to  anv  change  in  the  tin-qap  betv;een  the 
rotor  blades  and  the  case-wall.  In  particular,  changes  in 
the  tio-cao  result  in  a  re'-'uction  in  the  compressor  effi- 
ciency and  a  loss  of  stability  narqin  in  distorted  inflov/. 
In  view  of  the  need  to  develop  military  aircraft  enaines 
with  improved  thrust-to-weiaht  ratio  and  increased  tolerance 
to  distortion,  attention  has  been  liven  in  recent  years  to 
understand ina  the  effects  of  tip  clearance  chanqe  on  the 
flow  in. axial  compressors.  A  larqe  scale,  multistaae  axial 
conoressor  facility,  which  would  allow  experimental  investi- 
gations to  be  made  under  well-controlled  test  conditions, 
was  installed  and  prepared  for  that  purpose.   (Re^^.  1) 

The  first  experiment  to  be  conducted  in  the  facility  is 
one  in  which  the  tip  clearance  will  be  increased  syste- 
m.atically  and  data  will  be  obtained  from  instrumentation  de- 
signed to  resolve  the  important  changes  in  the  internal 
flov/  field.  However,  the  results  of  this  experiment  would 
be  limited   to  the   particular   compressor-face   inlet   flow 


conditions  which  the  test  installation  qenerated.  fJnknown, 
a  priori,  is  the  importance  of  the  inlet  case-wall  boundary 
layer  profile,  and  thickness,  in  relation  to  the  physical 
gao  between  the  rotor  and  the  case-wall.  Thus,  it  is  equal- 
ly important  to  chanqe  the  boundary  layer  as  to  channe  the 
clearance  nap.  The  purpose  of  the  oresent  study  was  to 
develop  an  experimental  technique  to  be  used  to  control  the 
boundary  layer  thickness  entering  the  compressor. 

The  approach  was  to  use  an  array  of  "spires"  installed 
as  a  removable  element  in  a  throttle  housing  in  the  inlet 
duct.  The  presence,  and  design  of  the  throttle,  and  the 
difficulty  of  alternate  approaches  such  as  providing  suction 
on  the  scale  reguired,  suggested  this  solution.  Tn  the  work 
that  is  reported  here,  the  design  of  the  spires  is  reviewed 
and  a  program  of  measurements  to  evaluate  the  effect  of  the 
spires  on  the  compressor  inlet  case-wall  boundary  layer,  is 
reported.  The  m.easurements  showed  that  the  boundary  layer 
with  the  spires  was  thicker  than  was  intended,  and  that  the 
velocity  profile  was  unacceptably  distorted. 

It  was  concluded  that  compromises  which  were  made  in  the 
manufacture  of  the  spires,  which  involved  approximating  the 
slender  cusped  shapes  with  linear  cuts,  were  unacceptable. 
Also,  the  installation  of  the  spires  as  a  circular  array 
within  a  round  duct  was  quite  different  from  the  linear 
qeometry  within  a  larqe  wind  tunnel  that  had  provided  the 
data  on   which  the   design  was   based.   Recommendations  were 


made  for  changes  to  be  nade  to  the  soires  to  achieve  the 
goal  of  doublinq  the  inlet  boundarv  layer  thickness  without 
changing  the  shane  of  the  velocity  profile. 


II  .   COMPRESSOR  AND  QPIJRATIOH 

The  compressor  test  facility,  data  collection  method, 
and  details  of  the  instrumentation  used  are  '^iscussed  in  the 
fnllowina  sections. 

\.       COMPRESSOR 

The  three-staqe  axial  compressor  facility,  presently 
assembled  with  a  new  desiqn  of  synnetrical  bladinq,  was 
desiqned  to  serve  as  a  research  tool  for  a  variety  of 
experiments.   The  facility  is  shown  in  Fiqure  1. 

Two  (iifferent  sizes  of  inlet  bellmouths  were  orovided  in 
order  to  adjust  the  pressure  differential  and  measure  flow 
rate  to  the  com.pressor  satisfactorily  for  various  staqe  con- 
fiqurations  and  operatinq  speeds.  In  the  present  work,  the 
larqer  bellmouth  was  used  (Ref.  2).  Views  of  the  bellmouth, 
with  and  without  a  protective  mesh  screen  over  the  inlet, 
are  shown  in  Fiqure  2.  As  seen  in  the  fiqure,  the  airflow 
enters  the  compressor  from  outside  the  buildinq  and  flows 
throuqh  a  20-foot  lonq  duct  containinq  a  throttle  device 
(Ref.  1)  to  the  compressor  test  section. 

The  compressor  bladinq  is  shown  in  the  two  parts  of 
Fiqure  3.  The  bladinq  is  removable  and  adjustable.  For  the 
present  experiments,  the  test  section  was  bladed  with  one 
row  of  inlet  quide  vanes  (IGV),  two  symmetrical  staqes  (the 
first  staqe  in  Fiaure  3   was  removed),   and  one  row   of  exit 
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^ioure  3.   (Continued)  Conore!=;sor  Tlaciim 
(b)   Stane  Tin  Section 


aui'ie  vanes  (EGV).  Each  staqe  consisted  of  30  rotor  blades 
and  32  stator  blades. 

The  function  of  the  TGV s  is  to  turn  the  flow  to  produce 
the  radial  distribution  of  the  flow  anole  renuired  by  the 
rotor  in  the  svr^^retric  staqe.  ^  sypnetric  stage  design  is 
one  in  which  the  velocity  diaaran,  shown  at  one  radius  in 
piaure  4,  is  sv^metrical  at  all  radii.  (Both  the  axial 
velocity  comnonent  and  flow  angles  vary  with  radius.)  At 
each  radius,  the  TGV  is  designed  to  oroduce  an  incidence 
with  resnect  to  the  rotor  blade  equal  to  the  ninimum  loss 
incidence  for  the  correspondinc  two-dimensional  compressor 
cascade  (Refs.  3,  4,  and  5). 

The  conpressor  test  ria  is  shown  in  Figure  5.  The 
compressor  is  driven  by  a  150  HP  electric  motor  coupled  by  a 
belt  drive  to  the  compressor  (Fiaure  6).  The  speed  of  the 
compressor  can  be  chanoed  nominally  from  1600  to  2200  RP^I  by 
ch?,nqind  the  belt  drive  pulleys.  The  low  speed  drive  (1610 
PPM)  was  used  in  the  present  experiment. 

The  throttle,  located  approximately  mid-way  between  the 
inlet  bellmouth  and  the  compressor  face  (Fiq.  1),  contained 
10  spaces  (8  useable)  for  inserting  different  screens  and 
throttle  plates.  A  view  of  the  throttle  is  shown  in  Figure 
7.  The  throttle  can  be  chanqed  only  by  stoppinq  the 
compressor . 


Symmetric   Blading   Requires  a^=62   &  ot2=6l    at   All   Radial   Stations. 


Figure    4.      Velocity    niaqran 
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All  the  connections  between  the  inlet  bell'^outh  and  the 
comnressor  were  sealed  to  eli'ninate  leaks  that  niqht  effect 
the  experimental  results. 

B.   TNSTRUMF:MTATIO^]  AND  DATA  C0LLF:CT  I ^)ri 

tlany  oorts  for  probes  are  orovided  around  and  along  the 
conoressor  case.  The  arrangement  of  instrumentation  used  in 
the  present  experiments  is  shown  in  Figure  8.  VJali  static 
taps  and  probe  survey  stations  were  located  1.0  inches  in 
frorit  of  the  IGV  s  at  the  selected  stations  around  the  com- 
pressor periphery  shown  in  the  figure.  Stagnation  pressure 
distributions  from  tip  to  hub  were  m.easured  using  a  travers- 
ing impact  probe.  A  cobra  probe  was  used  similarly  to  mea- 
sure stagnation  pressure  and,  by  prior  calibration,  static 
pressure  distributions  in  the  same  location  (Figure  9a  and 
b).  In  the  latter  case,  pressure  ports  on  each  side  of  the 
Cobra  probe  were  connected  to  the  U-tube  manometer  and  the 
probe  rotated  such  that  the  probe  was  always  facing  the 
airflow.  The  Kiel  probe  was  installed  and  held  fixed  on  the 
centerline  of  the  duct.  Pressure  distributions  in  the  probe 
surveys  were  referenced  to  corresponding  values  of  total 
pressure  on  the  centerline  and  static  pressure  at  the  case- 
wall.  The  differences  between  probe  total  pressure  and  wall 
static  pressure  and  between  probe  total  pressure  and  Kiel 
probe  pressure  were  recorded  manually  after  carefully 
adjusting   twr  '^eriam  micromanometers .    The  connections   to 
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Figure    8.      Arrangement    of    the    Instrumentation 
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VIEW  A  -  A 


VIEW   B  -  B     ,032'* 
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A.  Cobra  Probe 
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VIEW   A  -  A 


C.  Kiel  Probe 


Fiqure  9.   Probes 
(a)   Probe  Tip  Geometries 
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Figure  9.   (Continued)  Probes 
(b)   Views  of  Probe  Tins  and  Actuators 


and  a  view  of  the  nicromanoneters  are  shown  in  Fiaure  10. (a) 
and  Fiqure  10. (b),  respectively.  The  scales  of  the  rieria-ii 
manometers  were  adjusted  to  zero  jefore  each  experiment. 

Auxiliary  instrumentation  included  a  digital  thermo- 
meter to  measure  the  inlet  total  temperature  and  a  oulse 
counter  and  timing  wheel  to  record  the  rotational  speed  of 
the  compressor.  The  local  atmospheric  pressure  and  temoera- 
ture  were  measured  using  a  barometer  and  thermometer 
resi^ec  t  i  vely ,  located  insid  -he  building.  Ourina  each  test 
the  change  in  ambient  tempe.  jre  was  observed  to  be  negli- 
gible and  no  correction  for  change  in  water  density  in  the 
Meriam  watermanometers  was  required.  Air  density  correc- 
tions v/ere  not  required  due  to  the  use  of  a  reference 
velocity  derived  from  the  centerline  probe. 
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Kiel   Prohe 


Static   Pressure  Tap 


Figure    10,       rieriam    V/ater    Micromanorneters 
(a)       Connections    to    the    Probes 
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'^iaure    10.     (Continued)       Heriam    Water    iMicromanoneters 
(b)       View    of    the    Instruments 
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Ill ,        QOUNDARY  LAYE^  CONTROL  DEVICE 

The  boun^'^arv  layer  control  device  is  described  in  the 
followinq  section  and  the  desi-in  intent,  actual  desiqn,  and 
construction  are  discussed. 

A.   DESITAT  INTE\'T 

1 .   Requirements  and  Anoroach 

''lor^al  boundary  layer  conditions  at  the  compressor 
inlet,  from  earlier  experiments  with  uniform  screens,  were 
known  to  be  5  =  1.1  inches  and  5*  =  .13  inches.  The  boun- 
dary layer  thickness  could  be  chanqed  by  addim  a  boundary 
layer  control  device.  Either  by  suckinq  air  at  the  case- 
wall,  or  by  coolinq  the  case-wall,  the  boundary  laver  thick- 
ness could  be  reduced.  In  the  planned  experiment,  it  was 
required,  to  increase  the  boundary  laver  thickness  (5*)  by  a 
factor  of  two  and  obtain  measurements  with  different  values 
of  the  tip  clearance  in  the  compressor.  Thus,  it  would  be 
possible  to  obtain  data  at  two  values  of  tip  clearance  while 
holding  the  ratio  of  boundary  to  tip  clearance  [6*/t] 
constant. 

To  increase  6*  by  a  factor  of  two,  case-wall  rouqhness 
elements  and  graduated  screens  were  both  considered,  but 
reiected.  The  rouqhness  elements  could  not  be  removed 
readily   for   tests   with   thin  boundary   layers.    Previous 
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experience  with  graded  screens  suqqested  that  it  would  be 
difficult  to  produce  axi-symmet r ic  uniformity  with  a  larqe 
(graduated  screen  located  so  far  from  the  compressor  face. 

The  approach  taken  was  to  use  "spires"  installed   in  one 
of  the  blank  throttle  elements  as  shov/n  in  Fiaure  11. 

2 .   Pes  iqn 

The  system  of  spires  has  been  used  previously  to 
produce  thickened  boundary  layers  in  rectangular  wind 
tunnels,  particularly  in  experiments  which  required  the 
careful  simulation  of  the  atmospheric  boundary  layer  (Ref. 
7).  In  Reference  7,  based  on  many  experiments,  the  data  in 
Table  I  were  given  for  a  non-dimensional  spire  qeometry  that 
produced  a  known  boundary  layer  thickness.  These  data  were 
used  in  the  present  design,  but  were  corrected  to  account 
for  the  circular  duct  configuration  and  annular  flow  con- 
traction (Figure  12).  The  spire  geometry  and  total  number 
of  spires  were  selected  using  the  information  in  Reference  7 
for  experiments  carried  out  in  a  wind  tunnel.  A  29-element 
spire  configuration  was  chosen  for  the  circular  arrangement 
to  avoid  possible  resonance  due  to  the  wakes  from  the  spires 
interacting  with  the  30  blades  of  the  rotor. 


1.5" 


1     2    3    A     5    6    7 


9   10 


3.       ^le-^ent  Positions 


b.   Spire  and  Plate  Eler^ents 

Fioure  11.   Conpressor  Throttle  Section 
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TAT 

:  I, 

DI^E^ISIONS 

OF 

stan:. 

-^.D  HALF- 

-WIDTH  SPIRES 

HEIGHT 

SPIRE  WIDTH 
0.5000 

0.0016 

0.3750 

0.0111 

0.3100 

0.0167 

0.29  3  3 

0.0250 

0.2733 

0.0016 

0.3750 

0.0111 

0.3100 

0.0167 

0.29  3  3 

0.0250 

0.2733 

0.04  17 

0.2483 

0.0833 

0.2100 

0.12  50 

0.1850 

0.1667 

0.1650 

0.2500 

0.1350 

0.3333 

0.1117 

0.4167 

0.0917 

0.5000 

0.0750 

0.5833 

0.0600 

0.6667 

0.0450 

0.7500 

0.0333 

0.8333 

0.0217 

0.9167 

0.0117 

1.0000 

0.0 

a.   Circular  ^rranaenent  as  Built 


■) .   Linear  Arranqer-ent  as  Designed 
FIGUPF  12.   Spire  Elenent 
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B.   CONSTRUCTION 

The  spire  qeometry  (Fiqure  13(a)  could  not  he  nachine^ 
locally,  and  therefore,  the  j^hape  was  aooroxinated  with 
linear  cuts  as  shown  in  Figure  13(h).  The  shane  was  cut 
from  aluminum  alloy,  .25  inches  thick,  and  the  29-elements 
were  arranged  uniformly  in  a  circular  ring.  Fach  snire  was 
attached  tav  three  flush,  countersunk  Phillips-head  screws  to 
the  rim  of  the  rina.  Mo  locking  wire  was  necessary  since 
the  screws  were  prevented  from  backing  out  hy  the  adjacent 
throttle  ring  installed  in  the  throttle  housing,  and  a 
screen  was  positioned  dov/nstrean  of  the  spires  to  prevent 
any  possibility  of  dam.aae  to  the  compressor. 


(a)   As  Desiqned 


(b)   As  Built 


Piqure  13.   Spire  Geometry 
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IV.   Tf^ST  PROGRAM 

The  test  program  consisted  of  a  nunber  of  initial, 
exploratory  flow  field  neasure^ents  and  then  a  series  of 
detailed  boundary  layer  surveys  to  establish  quantitatively 
the  effect  of  the  snires  on  the  boundary  layer  thickness  at 
the  compressor  face. 

A.   PRELIMI^TARY  TEST 

^^efore  conductinq  detailed  flow  surveys,  tests  were 
conducted  to  establish  an  arrangement  of  screen  and  spire 
elements  in  the  throttle  which  produced  a  similar  average 
mass  rate  of  through-flow  to  that  produced  by  a  selected 
combination  of  screens  only  (Ref.  8).  The  desired  through- 
flow  condition  was  one  which  was  well  removed  from  both 
stall  and  open  throttle  boundaries  on  the  compressor  map. 
It  was  found  during  this  procedure  that  the  position  of  the 
spire  element  in  the  throttle  housing  was  important.  Less 
stable  compressor  operation  was  found  when  the  spire  element 
was  the  most  downstream  element.  As  a  result  of  these 
tests,  the  two  arrangements  summarized  in  Table  II  were 
selected,  and  the  test  program  summarized  in  Table  Illf  was 
carried  out. 
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THROTTLE  ELEMENT 
LOCATIOM 
UPSTREAM 


co^'^^iGijRArrox 

(1) 
screen:  o^:ly 


C0>:  FIGURATION   | 
(2)        I 
SCRFEM  &  S^IRE 


SC^EE\  il 


SCREEN  *3 


SCREEN  #5 


SCREEN  ^1 
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1 

TARLR 

iir . 

TEST  PROGRz\M  S(U1MARY 

1 
TFIPOTTLE  ELEMENT 

TEST 

CONFIGURATION               SURVEYS 

1 

1 

COBRA  PROBE  &  KIEL  PROBE 

2 

1 

IMPACT  PROBE  &  KIEL  PROBE 

3 

2 

IMPACT  PROBE  &  KIEL  PROBE 

B.   STATIC  PRESSURE  DISTRISUTION  flEASURETlEMTS 

In  Test  1,  with  the  throttle  elements  in  confiqura- 
tion  1,  a  survey  was  conducted  using  the  cobra  orobe  to 
establish  the  radial  distribution  of  static  oressure  fror^ 
outer  to  inner  case-wall.  The  procedure  in  this  experiment 
was  to  measure  the  "indicated"  static  pressure  trom  the  side 
holes  of  the  cobra  orobe  as  it  was  moved  step-by-step  from 
the  outer  wall  to  the  inner.  The  relationship  of  the  cobra 
probe  "indicated"  static  pressure  was  established  usinq  the 
case-wall  static  pressure  and  cobra  orobe  measurements  adja- 
cent to  the  wall.  The  survey  measurements  were  individually 
referenced  to  total  pressure  from  the  Kiel  probe  at  the 
center  of  the  axial  line  A-A  (Figure  8). 

The  static  pressure  so  obtained  is  shown  in  Figure  14. 
It  is  seen  to  decrease  linearly  from,  the  wall  (Pc  )  to  the 
hub  surface. 

C.   BOUNDARY  LAYER  MEASUREMENTS 

In  Tests  2  and  3,  surveys  were  made  using  the  impact 
orobe  from  the  outer  case  wall  to  where  the  impact  pressure 
became  almost  constant.  Test  2  was  with  screens  only 
(configuration  1)  and  test  3  was  with  the  spire  element  in 
configuration  2  (Table  II).  The  results  are  shown  plotted 
in  Pigure  15  and  listed  in  Table  IV  and  Table  V.  In  Figure 
15,  the  value  of  the  velocity  measured  on  the  center  line  of 
of  the  annulus  has  been  used  to  normalize  the  profiles. 


s^j    (Inches    of    VJater) 


Figure    14.       Static    Pressure    Distribution    Ahead    of    the    Inlet 
Gui(ie    Vanes    at    P^       -Psw   =    7.25    inches    of    \Jater 


TABLE     IV. 

PRESSURE    DISTRIBUTION    DATA    FOR    CONFIGURATION 

Ri    =     RADIAL    DISPL.     INWARDS     FROM    CASE-WALL, 

PRESSURES    ARE     IN     INCHES    WATER 


-^1 

V/Vp 
^L 

1 

V/Voo 

0.01 

7.100 

-.060 

7.040 

-.0902 

.0923 

0.02 

7.092 

-.318 

7.058 

-.0656 

.0671 

0.1 

3.410 

3.6466 

7.075 

.7018 

.7179 

0.2 

2.3195 

4.9920 

7.197 

.8142 

.8328 

0.3 

1.539 

5.5672 

7.073 

.8673 

.8872 

0.4 

1.078 

6.0044 

7.038 

.9030 

.9237     1 

0.5 

.755 

6.3286 

7.048 

.9264 

.9467 

0.7 

.38  8 

6.7828 

7.043 

.Q594 

.9814 

0.9 

.185 

6.9750 

7.060 

.9717 

.9948 

1.1 

.010 

7.1472 

7.125 

.9792 

1.0016 

1.5 

-.010 

7.3271 

7.065 

.9798 

1.0018 

2.0 

-.0465 

7.2882 

7.061 

.9980 

1.0184 

2.5 

• 
.0 

7.3402 

7.6500 

.9987 

1.0187 

3.0 

.065 

7.3518 

7.0835 

.9991 

1.0188 

3.4 

.071 

7.3967 

7.1890 

.9915 

1.0143 

3.6 

.070 

7.4400 

7.110 

1.0000 

1.0299 

3.8 

.101 

7.4702 

7.149 

1  .0002 

1.0225 

4.2 

.009 

7.5859 

7.1590 

1.0068 

1.0293 

4.5 

.006 

7.6200 

7.126 

1.0109 

1.0340 

5.8 

.091 

7.7524 

7.199 

1.0015 

1.0337 

6.0 

1 

.012 

7.6776 

7.117 

1.0153 

1.0386 

PRESSURE     DISTRIBUTION    DATA    FOR    CONFIGURATION 

R^    =     PADIAL    DISPL.     INV7ARDS     FROfl    CASE-WALL, 

PRESSURES    ARE     IN     INCHES    WATER  


Ri 

^c,  --w 

V/Vc^ 

v/v» 

0.01 

7.009 

-.2179 

7.216 

-.1710 

-.1737 

0  .02 

6.690 

.4292 

7.1170 

.2419 

.2456 

0.1 

3.800 

3.2621 

7.051 

.6698 

.6802 

0.2 

2.634 

4.4082 

7.0850 

.7768 

.7887 

0.3 

2.090 

5.0133 

7.07  0 

.8292 

.8421 

0.4 

1.848 

5.4029 

7.207 

.8529 

.8658 

0.5 

1  .84  0 

5.3526 

7.191 

.8495 

.8627 

0.7 

1.733 

5.5393 

7.195 

.8614 

.8748 

0.9 

1.497 

5.7915 

7.189 

.8839 

.8976 

1.1 

1.397 

5.7872 

7.062 

.8915 

.9053 

1.5 

1.373 

6.1133 

7.193 

.9078 

.9219 

2.0 

1.000 

6.36  3  2 

7.141 

.9295 

.9439 

2.5 

.915 

6.3938 

7.123 

.9308 

.9474 

3.0 

.484 

6.7183 

7.136 

.9555 

.9703 

3.4 

.032 

6.8056 

7.157 

.9891 

.9799 

3.6 

.156 

7.4020 

7.178 

1.0000 

1.0155 

3.8 

-.117 

7.5492 

7.264 

1.0000 

1.0194 

4.2 

-.227 

7.9146 

7.221 

1.0310 

1.0469 

4.5 

-.911 

8.1556 

7.098 

1.0556 

1.0719 

5.8 

-.411 

8.1954 

7.143 

1  .0550 

1.0771 

6.0 

-.337 

8.1086 

7.105 

1.0520 

1.0654 
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BOUNDARY  LAYER 


.   .   .   Ml   I 

-«^0.1  0.0  0.1  OJ  0.9  0.4  0.5  0.6  0.7  0.8  0.9  1.0  1.1  IJ  1.9 

V/V(1NF) 


Figure  15.  Boundary  Layer  Profiles  With  Screens 
^         (Confinuration  1)  and  Spires  (Conf iqurat ion  2) 
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V.   ANALYSIS  AND  DISCUSS lOM 

This  section  of  the  report  describes  the  method  used 
to  calculate  the  boundary  layer  thickness,  discusses  the 
results  of  the  neasurenents  in  cornparison  with  the  desiqn 
expectation,  and  sunimarizes  the  results. 

A.   CALCrjLA.TK^M  OF  DISP  LACEP1ENT  THICKNESS 

The  displacenent  thicl-'ness  obtained  for  configuration  1 
from  earlier  experiments  waS  .13  and  for  conf iqura t ion  2  in 
the  present  v/ork  was  .53  inches.  The  nethod  was  as  follows: 
Bernoulli's  equation  (Ref.  9)  qives,  at  any   rad ial  .  stat ion , 

Pt   =  Pg   +  1/2  P^i2  (1) 

t.     s. 

The  reference  velocity,  Va,f    based  on  total  pressure   at  the 

centerline  (Pt-   )  and   static  pressure  at  the  wall,  (P^  )  is 

^Cl  ^'..^ 

given  by 


Pt    =  Ps    +  1/2  pVco  ^  (2) 

Cr,     ^Cr 


Using  the  results  given  in  Figure  14,  which  shows  that  the 
static  pressure  dropped  linearly  to  -0,8  inches  of  water 
from  the  tip  to  the  hub  at  a  distance  of  h  =  7.2  inches,  at 
P,.    -  Pc   =  7.25  inches  of  water, 
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^Cl 


—  ]  =  0.11  (7-4]  =  n.ni53Ri 


(3) 


Usinq  equations  (1),  (2)  and  (3),  the  ratio  of  velocitv  at 
each  ooint  (R^)  for  configuration  (2)  is  given,  in  terms  of 
the  static  pressure  distribution  for  configuration  1,  by 


^tc,    "sw 


+  0.0153Ri 


(4) 


and  the  centerline  velocity  by 


VCL 


=  /   1  +  0.0153Ri 


(5) 


Using  Equation  (4)  and  Equation  (5),  the  ratio  of  the 
velocity  at  each  point  to  the  velocity  at  the  centerline  is 
given  by 


(6) 
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From  experiment   P»-    -  P^    and   P^  -  P_   are  known  at  each 

^Cl      W         ^i     i 
Location  from  the  case-wall  to  the  hub.   The   boundary  layer 

profiles  for   configuration  1  and   conf iaurat ion  2  which  are 

shown   in  Figure  15   were  obtained  using  Eguations  (4),  (5), 

and  ( 6  )  . 

The  boundary  layer  displacement  thickness  was  deternined 

from  boundary   layer  profile  data  before  normalising   to  the 

passane  centerline   velocity.    Referring   to   the  following 

sketch,  the  area  A-1   and  area  A-2  were  calculated   for  each 

displacement  (y)  of  the  probe  from  the  case-wall  using 


-    if  A-1  =  A-2  then  y 


v/v„ 


x-y  -J^d  -    T7^)  dy 


(6) 


At  -  /^(i  -   ^)  ^y      =  ^-1 


(7) 


where   X   is  the  "free-stream"  value  of   V/V„   and  A^  is  the 
total  area   under  the   boundary   layer   profile.   The   areas 
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described  by  equations  (7)  and  (8)  were  plotted  as  a  func- 
tion of  y  to  determine  the  dispacement  thickness  (6*).  The 
results  for  configuration  1  are  shown  in  Fiqure  16,  with  the 
data  listed  in  Table  VI.  The  results  for  conf iqurat ion  2 
are  shown  in  Fiqure  17,  with  the  data  listed  in  Table  VII. 

R.   CO^'lPARISO^I  WITH  DESIGN  INTENT 

1 .   Boundary  Layer  Thickness 

The  effect  of  the  spire  element  on  the  boundary 
layer  thickness  is  clearly  to  increase  5  and  6*  .  Figure  18 
illustrates  the  effect  of  the  spire  element  on  both  the 
boundary  layer  profile  and  the  boundary  layer  thickness. 
The  overall  thickness  was  increased  from  1.1  to  4.5  inches. 
The  displacem.ent  thickness  was  increased  from  0.13  to  0.53 
inches.  The  boundary  layer  can  clearly  be  controlled  by 
selecting  the  qeometry  of  the  spire,  combined  with  the 
selection  and  position  of  the  screens.  However,  the  qoal  is 
to  produce  a  doubling  of  the  overall  and  displacement  thick- 
nesses without  chanqinq  the  shape  of  the  profile.  Clearly, 
in  the  results  shown  in  Fiqure  18,  the  overall  boundary 
layer  thickness  with  the  spire  element  exceeds  the  half- 
heiqht  of  the  compressor  annulus. 

We  first  examine  how  far  the  effect  of  the  spire  should 
be  expected  to  extend  when  the  flow  from  the  duct  enters  the 
compressor  annulus.  Referring  to  Figure  19,  the  position  of 
the   streamline   from    the   tip   of   the   spire,    when   it 


TABLE  VI. 

1 

1 
INTEGRATED  VELOCITY  PROFILE  PARAMETERS  EOR           | 

CONFIGURATION  1 

Ri 

/  (1-V/V„)dy 

y 

x-y-J  (1-V/V„)dy 

A^-/  (1-V/V<„)dy 

o 

o 

o 

0.0 

0.0 

0.0 

.1473 

0.1 

.0461 

.0539 

.1012 

1   0.2 

.0703 

.1297 

.0770      1 

0.3 

'  2 

.2138 

.0611 

0.4 

.    7 

.3023 

.0483 

0.5 

: 

.39  38 

.0411 

0.7 

.1177 

.5823 

.0296 

0.9 

.1246 

.7754 

.0227 

1.1 

.1295 

.8705 

.0178 

1.5 

'"7 

...._ 

■""7 

2.0 

/ 

/ 

/ 

/ 

/ 

/ 
/ 

2.5 
3.0 

3.4 

1 

/ 

/ 
/ 

/ 

1 

3.6 

.1473 

3.4527 

0.0 

3.8 

.1473 

3.6527 

0.0 

4.2 

.1473 

4.0527 

0.0 

4.5 

.1473 

4.3577 

0.0 

5.8 

.1473 

5.6527 

0.0 

6.0 
1 

.1473            5.8537 

0.0 

TABLE  VII. 

1 

1 

1 

1 
INTEGRATED  VELOCITY  PROFILE  PARAMETERS  FOR 
CO^JFIGURATION  2 

Ri 

Y 
/  (l-V/V„)dY 
o 

y               Y 
x-y-J  (1-V/V„)dy    A^-/  (1-V/V„)dv 
o                 o              1 

0.0 

0.0 

0.0 

.5716 

0.1 

.0536 

.0470 

.5130 

0.2 

.0901 

.1210 

.4815 

0.3 

.1140 

.20  27 

.4576 

0.4 

.1343 

.3880 

.4473 

0.5 

.1537 

.4741 

.4179 

0.7 

.1933 

.5456 

.3783 

0.9 

.2262 

.7238 

.3454 

1.1 

.2580 

.9032 

.3136 

1.5 
2.0 

/ 

_____ 
/ 

""1 

1 

2.5 

/ 

/ 

1 
1 

3.0 
3.4 

/ 

/ 
/ 

/ 
/ 
/ 

1 

I 
1 

3.6 

/ 

/ 

1 

1 

3.8 

/ 

/ 

1 

1   4.2 

/_ 

/ 

1 

4.5 

.5716 

4.1786 

0.0 

5.8 

.5716 

5.5501 

0.0 

1   6.0 

1 

.5716 

5.7620 

0.0 
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LEGEND 


XY-lNT(l-V/y(INF))pY 


0.6  o.e 
X 


Fiqure  16.   Determination  of  the  Disolacement 
Thickness  for  Configuration  1 
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Fiqure  17.   Determination  of  the  Displacement 
Thickness  for  Conf iqurat ion  2 
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la.   Comparison  of  Boundary  Layers 
With  and  Without  Spires 
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approaches  the  conpressor  blading  can  be  calculated  usin-i 
the  continuity'  equation, 

pAV  =  constant  (  9 ) 

assumino  the  airflow  is  unizorm  and  axial  at  both  stations. 
Then  the  streamline  displacement  (A)  at  the  compressor  face 
is  niven  by 

Ptt(r2    -     (P.-s)^)       ^     pTT(p2    -    (R    -    A)^) 

(10) 
PTT    r2  pTr(R2    _     (r    _    h)  2) 

where  the  notation  is  defined  in  Figure  19.  The  height 
the  spire,  S  =  8  inches,  R  =  18  inches,  and  the  annulus 
height  at  station  2,  h  =  7.2  inches.  Using  these  data  in 
eguation  (10),  A  =  4.56  inches.  The  results  from  the  expp^- 
iment  in  Figure  18  show  that  the  effect  of  the  circular 
spire  arrangement  on  the  airflow  extends  to  approximately 
4.5  inches  from  the  case-wall.  In  comparison,  in  the 
results  given  in  Ref.  7,  the  effect  of  a  linear  arrangement 
of  spires  on  the  boundary  layer  in  the  test  section  of  a 
large  wind  tunnel,  six  spire  heights  downstream,  extended  to 
approximately  only  0.8  of  the  spire  height  from  the  wall. 
This  factor  was  applied  in  arriving  at  the  present  spire 
height.  The  difference  between  the  present  and  the  wind 
tunnel  results  may  be  due  to  the  significantly  different 
blockage  presented  by  the  spires  to  the  pipe  flow,  or  may 
result  from  the  bluntness  of  the  present  shapes. 
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2 .   Profile  Shane 

In  conoaring  the  two  profiles  in  Fiqure  13,  one 
sir-nificant  difference  and  one  noticeable  sinilarity  are 
noted.  Pirst,  away  fron  the  wall,  there  is  a  sioniFicant 
departure  in  the  orofile  shape  for  conf iqurat ion  2  from  a 
sinnle  power-law  profile.  There  is  seen  to  be  a  sharp  gra- 
dient in  the  velocity  deficit  out  to  the  edpe  of  the  boun- 
dary layer.  This  is  nrobably  the  result  of  the  bluntness  of 
the  soire  shape  used  in  the  experinients .  The  results  appear 
to  enphasize  the  necessity  to  achieve  the  very  slender, 
cusped  profile  shown  in  Fiqure  13(a)  rather  than  use  the 
blunt  approximation  shown  in  Fiqure  13(b). 

Second,  the  profile  close  to  the  wall  seems  little 
affected  by  the  spires.  This  may  be  the  result  of  the  level 
of  turbulence  inherent  in  the  pipe-flov;  and  the  pipe- 
rouqhness,  but  suggests  that  it  nay  be  difficult  to  produce 
a  thicker  boundary  layer  using  spires  which  is  also  similar 
in  profile  shape  both  near  to  and  far  from  the  wall. 

3  .   Other  Considerations 

The  degree  of  axi-symmetry  was  examined  briefly 
during  the  experiments  by  rotating  the  spire  element  in  the 
throttle  housing.  Some  peripheral  non-uniformity  was 
detected,  however,  the  data  in  Fiqure  18  are  believed  to  be 
reasonably  representative  of  the  average  radial  behavior. 
The  degree   of   unsteadiness   in   the  flow,   which   made   it 
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difficult   to  obtain   stable  readings   during  probe  surveys, 
did  not  measurably  affect  the  accuracy  of  the  nean  velocity- 
prof  i les . 

C.   -'XCHievING  THE  REQUIRED  CONTROL 

The  velocitv  nrofile  shown  for  configuration  1  in  Fiqure 
18  can  be  characterized  as  a  nearly  uniform  flow  with  a 
well-defined  turbulent  boundary  layer  at  the  case-wall.  The 
velocity  profile  shown  for  conf iaurat ion  2  can  be  character- 
ized as  a  very  thick,  irregular  case-wall  boundary  layer,  or 
alternately  described  as  a  wholly  distorted  velocity  profile 
across  more  than  half  the  compressor  blade  height. 

Since  the  purpose  of  the  overall  compressor  investiga- 
tion is  to  examine  the  effects  of  tip  gap  on  the  compressor 
flow  field  and  performance  characteristics,  in  a  range  of 
tip  clearance  gap  size  which  is  always  very  much  smaller 
than  the  blade  height,  it  does  not  make  sense  to  introduce 
radial  distortions  in  the  flow  field  which  extend  over  much 
of  the  span  of  the  blading.  This  is  not  within  the  scope  of 
the  proposed  investigation.  Any  variation  in  the  case-wall 
boundary  layer  must  be  confined  to  a  scale  which  remains 
small  compared  to  the  blade  height  or  the  investigation 
becomes  one  of  investigating  inlet  flow  distortion. 

Thus,  if  spire  elements  are  to  be  used,  it  is  very 
necessary  to  use  the  original,  sharply  cusped  spires  in 
order   to   recover   the    asymptotic   outer   boundary   layer 


profile  Shane.  A  reduction  in  the  spire  heiqht  to  (^  or  even 
5  inches,  nay  be  necessary  to  achieve  no  more  than  doublino 
of  the  natural  boundary  lavor  thickness. 


VI.   CONCLUSIONS  AND  RECOMMENDATIONS 

In  this  study,  a  rim  of  spires  was  designed  and  shown 
exoer imental ly  to  increase  the  thickness  of  the  case-wall 
boundary  layer  at  the  connressor  inlet.  nhile  an  increase 
in  the  overall  and  disolacenent  thicknesses  by  a  factor  of 
two  was  intended,  a  factor  close  to  four  was  measured.  The 
quantitative  differences  between  results  in  the  present 
experinent  and  results  obtained  usinq  spires  to  control 
boundary  layers  in  large  rectangular  wind  tunnels,  on  which 
the  design  of  the  present  arranqement  was  based,  are  thought 
to  be  understood.  ^irst,  the  slender  cusped  shape  of  the 
spires  was  approximated  in  the  present  case  by  a  blunt, 
thicker  profile  which  could  be  nachined  with  straight  cuts. 
Second,  the  present  installation  of  the  spires  was  within  a 
circular  pipe,  with  a  much  laraer  area  blockage  and  higher 
turbulence  levels  than  were  present  in  the  wind  tunnel 
anpl icat  ion . 

It  was  found  that  the  ring-element  of  spires  must  be 
installed  in  the  throttle  upstream  of  at  least  one  screen 
element  in  order  to  reduce  oscillations  in  the  flow  and 
vibrations  in  the  compressor  to  acceptable  levels. 

The  following  recommendations  are  made  in  order  to 
achieve  the  intended  boundary  layer  control: 
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1.  The  orioinallv  specified  neomet rica 1  shane  of  the 
spire  elenents  should  he  nachined,  without  conpromise 
for  reasons  of  exoense.  The  heiqht  of  the  spire 
should  be  reduced  to  "^  or  5  inches. 

2.  The  inlet  oipe  iunctions  should  he  snoothed  and  all 
flanged  connections  should  he  tiqhtlv  sealed. 
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